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FABRICATION OF THIN TUNGSTEN - URANIUM DIOXIDE COMPOSITE PLATES* 

by Gordon K. Watson 

Lewis Research Center 

SUMMARY 

Various parameters a f fec t ing  the  fabr ica t ion  of t h i n  p l a t e s  containing 
2 0  volume percent uranium dioxide (UO2) dispersed i n  a tungsten matrix have 
been investigated,  and a standard method of fabr ica t ion  by a powder-metallurgy 
technique and hot r o l l i n g  has been developed. The e f f e c t  of d i f f e r e n t  f u e l  
loadings (10 t o  40 volume percent UOz) on fabr ica t ion  has been studied using 
-270/+400 mesh (53 t o  37 p) spherical  f u e l  p a r t i c l e s ,  
wrought tungsten f o i l  t o  major surfaces of the f u e l  p l a t e s  -to serve as a clad- 
ding ma-terial has a l s o  been developed. 

A method of r o l l  bonding 

The r e s u l t s  of t h i s  invest igat ion show t h a t  dense tungsten - uranium diox- 
ide  (W-UOz) p l a t e s  containing 10 t o  40 volume percent UOz can be successful ly  
fabr icated using t h e  procedure described i n  t h i s  report ,  and t h a t  t h e  surfaces 
of the f u e l  p l a t e s  can be clad with a th in ,  dense, uniform layer  of unalloyed 
tungsten. The f la t  W-UO2 p l a t e s  can then be hot formed i n t o  cy l indr ica l  fue l -  
element configurations.  

INTRODUCTION 

The nuclear rocket program has created i n t e r e s t  i n  metallic-base f u e l  
elements having very high temperature capabi l i t i es  ( 4000° F or b e t t e r ) .  
Dispersion-type fuel elements i n  which the f i s s i l e  phase i s  dispersed i n  a 
su i tab le  metal matrix a r e  of prime importance. Tungsten i s  of i n t e r e s t  as t h e  
matrix mater ia l  f o r  t h i s  type of f u e l  element because of i t s  high-temperature 
s t rength ( r e f .  1) and i t s  compatibil i ty with the hydrogen propel lant .  U r a n i u m  
dioxide (UOz) i s  of i n t e r e s t  as the  f i s s i l e  mater ia l  because it i s  one of the 
most re f rac tory  of the uranium compounds (mp, -5OOOO F) ,  because it has a high 
uranium content, and because it i s  r e l a t i v e l y  compatible with both tungsten 
(ref.  2 )  and hydrogen. 

A nuclear rocket concept under consideration at the  Lewis Research Center 
uses a water-moderated thermal reactor  as a heat source f o r  the  hydrogen pro- 
p e l l a n t  (ref.  3 ) .  
t h e  use of f u e l  elements containing r e l a t i v e l y  low percentages of f u e l  mate- 
rial, t h a t  i s ,  l e s s  than 40 volume percent UO2 dispersed i n  tungsten. 

The nuclear charac te r i s t ics  of t h i s  thermal reac tor  permit 

This 

ATOMIC E N E R G Y  A C T  O F  1954 T i t l e ,  Unclassif ied,  * 



low f u e l  loading i s  advantageous from the  materials aspect s ince it allows the  
elements t o  have proper t ies  approaching those of the  metal matrix ra ther  than 
those of the ceramic fue l .  A f u e l  element being considered i n  one of t h e  cur- 
r e n t  reactor  design concepts is  an assembly of thin-walled concentric cyl in-  
ders .  
thus promotes e f f i c i e n t  heat  transfer from the  fuel  element t o  t h e  propel lant .  
Preliminary design s tudied have indicated t h a t  t he  fuel elements should con- 
t a i n  fuel loadings i n  the range of 10 t o  30 volume percent U02. In i t ia l  fab- 
r i c a t i o n  s tudies  a t  the  Lewis Research Center have concentrated on composites 
with a midrange loading of 2 0  volume percent f u e l .  

This configuration provides a high r a t i o  of surface area t o  volume and 

0.88 

Previous work a t  the Lewis Research Center ( r e f s .  4 and 5)  establ ished the  

The previous work a l s o  ind i -  
f e a s i b i l i t y  of producing t h i n  f u e l  p l a t e s  containing U02 i n  a tungsten matrix 
by a powder-metallurgy and hot - ro l l ing  technique. 
cated t h a t  t he  surfaces  of t he  f u e l  p l a t e s  must be clad with a dense l aye r  of 
unfueled tungsten t o  minimize the  l o s s  of U02 at elevated temperatures. 

1.15 2.1 3.5 4.5 

The purposes of t h i s  current inves t iga t ion  were t o  develop and optimize 
the  fabr ica t ion  technique f o r  producing t h i n  tungsten - uranium dioxide (W-UO2) 
composites (approximately 0 . 0 2 0  i n .  t h i ck )  and t o  determine the  e f f e c t  of d i f -  
f e r en t  fue l  loadings on the  f ab r i ca t ion  of the  p l a t e s .  P a r t  of the  program w a s  
aimed at  developing a simple cladding method t h a t  would produce a dense uniform 
clad of control led thickness. 
of the  f la t  f u e l  p l a t e s  i n t o  various geometries were made. 
these s tud ies  a re  described i n  t h i s  r epor t .  

I n  addi t ion,  preliminary s tudies  on the  forming 
Resul ts  of 

Five commercial tungsten powders of d i f f e r e n t  p a r t i c l e  s i z e  (0.88, 1.15, 
2.1, 3.5, and 4.5 IJ- average p a r t i c l e  s i z e )  were used i n  the  i n i t i a l  phases of 

TABLE I. - VENDOR'S REPORTED SIZE 

DISTRIBUTION OF TUNGSTEN POWDERS 

Micron 
s izea 

0 -1 
1-2 
2-3 
3-4 
4-5 

5-6 
6-7 
7-8 
8-9 
9 -10 

aBy Photelometer. 

2 

13.0 2.2 1.3 
45.0 28.9 7.1 
22.5 34.5 16.0 
9.0 18.6 22.1 
6.5 9.1 22.7 

1.6 1.4 17.9 
1.3 1.7 '3.7 
.7 1.0 1.2 

1.1 1.1 2.1 .8 I I I j  

t h i s  inves t iga t ion .  
bu t ion  f o r  these  powders i s  given i n  t ab le  I. 
Tungsten powder, having an average p a r t i c l e  s i z e  
of 0.88 micron, w a s  used i n  all subsequent 
phases of t he  study. Table I1 gives t h e  chemi- 
c a l  ana lys i s  of this powder. Comercial ,  
wrought tungsten f o i l  (0.003 i n .  t h i c k )  having 
a minimum p u r i t y  of 99.9 percent w a s  used as 
cladding f o r  t he  f u e l  p l a t e s .  

The p a r t i c l e  s i z e  d i s t r i -  

The dispersed phase i n  the  f u e l  p l a t e s  w a s  
produced from high-fired (above 3000' F)  U02 
spheres depleted of the  U-235 isotope and having 
a s i z e  range of -270/+400 mesh (about 53 t o  
37  p) .  
i s  given i n  t a b l e  111. It w a s  f e l t  t h a t  the  
depleted U02 would be similar i n  character  t o  
the  fully enriched UOz, which would be used i n  
t h e  rocket  r eac to r ,  s ince both  types of U02 
r e $ u l t  from t h e  same isotope separat ion process. 
Spherical U02 p a r t i c l e s  were used because i r r eg -  

The chemical ana lys i s  f o r  t h i s  mater ia l  



TABLE 11- - VENDOR'S REPORTED CHEMICAL 

ANALYSIS OF 0.88-MICRON 

Nickel 

Manganese 
Magnesium 

Carbon 
Oxygen 

Copper 

Tin 

TVNGSTEN POWDER 

u o  
10 

U O  
U O  

20 
1590 

a o  

Element 

Sodium 
Pot as sium 
Aluminum 
Calcium 
S i l i con  
Molybdenum 
I ron  
Chromium 

Element 

Aluminum 
Boron 
Carbon 
Calcium 
Cadmium 
Cobalt 
Chromium 
Copper 
Fluorine 
I ron  

mi l l i on  
(by weight) (by weight) 

P a r t s  per 
mi l l ion  

(by weight) 

150 

19 
G O  

a 
a0 

<6 
10 
G O  

<.5 

c.5 

40 
60 

20 
a0 

30 
100 
10 

a o  

I 

TABLE 111. - VENDOR'S FSPORTED CHEMICAL 

ANALYSIS OF URANIUM DIOXIDE 

[Oxygen t o  uranium r a t i o ,  2.00.1 

Element 

Magnesium 
Manganese 
Molyb de nun 
Nickel 
Lead 
S i l i con  
Tin 
Titanium 
Vanadium 
Uranium 

P a r t s  per 
mi l l ion  

(by weight) 

a0 
a0 
15 

Q O  
<2 
a 5  
2 

U 
88.1 percent 

a o  

u l a r l y  shaped p a r t i c l e s  might have 
sharp corners t h a t  could break of f  
during f ab r i ca t ion  and thus change 
the s i z e  d i s t r i b u t i o n  of the  U 0 2  i n  
the f u e l  p la tes .  The se l ec t ion  of the  
UO2 s ize  range used i n  t h i s  study was  
based on previous work ( r e f  6)  which 
indicated t h a t  f u e l  p l a t e s  fabr ica ted  
from this s i z e  range of U 0 2  had the  
highest s t rength  and b e s t  f u e l -  
re ten t ion  c h a r a c t e r i s t i c s  of any of 
those t e s t ed .  

APPARATUS 

The process used f o r  f ab r i ca t ing  
W-UO2 p l a t e s  cons is t s  of blending, 
pressing, and s i n t e r i n g  se lec ted  pow- 
ders followed by hot r o l l i n g  t o  a t t a i n  
high dens i t ies .  The equipment used i n  
each of these processes is described 
i n  the  following paragraphs. 

Blender 

A twin-shel l  ( V )  blender oper- 
a t ing  at 25 revolut ions per minute w a s  
used t o  mix the  tungsten and UO2 pow- 
ders p r io r  t o  pressing, The s i z e  of 
the  powder l o t  determined the  s i z e  of 
the  blender t o  be used; f o r  example, 
a 1-quart blender w a s  used for a 1000- 
gram W-UO2 l o t ,  

Pressing F a c i l i t i e s  

The powder was cold pressed at  20 000 pounds per square inch  i n t o  a f lat-  
p l a t e  configurat ion using the  equipment described i n  references 4 and 5. 
pressed p l a t e  s i z e  of 1 b y  6 inches was used i n  this study. 

A 

Sinter ing  F a c i l i t i e s  

The pressed compacts were s in t e red  i n  the hydrogen atmosphere tube f'urnace 
shown i n  f igu re  1, 
diameter molybdenum wire, which i s  wound on a 24-inch-long, 3-inch-inside- 
diameter, high-purity alumina core, The core i s  posit ioned i n  a vacuum-tight, 
water-cooled, s t a i n l e s s - s t e e l  chamber, and the gap between the  core and the  

The heating element i n  this furnace i s  a O1100-inch-, - 3 



Figure 1. - Sintering furnace and controller 

chamber w a l l  i s  f i l l e d  with 
bubbled alumina insulation. A 
mechanical vacuum pump allows 
evacuation of the  chamber p r i o r  
t o  b a c k f i l l i n g  with commercial 
tank hydrogen t o  a pos i t ive  pres- 
sure of approximately 3 pounds 
per square inch. A slight flow 
of hydrogen (approximately 
1 cu ft /hr)  i s  maintained through 
the furnace during the  s i n t e r -  
i n g  cycle.  

The power supply f o r  the  
f’urnace i s  ra ted  a t  42 kilowatts 
and i s  controlled by an automatic 
temperature programer. The fur- 
nace temperature i s  monitored by 
a tungsten versus unalloyed rhen- 
i u m  thermocouple. The maximum 
furnace temperature i s  l imi ted  by 
the  alumina core t o  about 3250° F. 

Rolling F a c i l i t i e s  

The s in te red  p l a t e s  were hot 
r o l l e d  with an 8-inch, 4-high, 
r o l l i n g  m i l l  having 2.5-inch- 

diameter work rolls fabr icated from an Hl2 t o o l  s t e e l .  
8 inches i n  diameter. 
induction furnace t h a t  i s  powered by a 10 000-cycle-per-second, 30-kilowatt 
motor generator. This furnace cons is t s  of a water-cooled copper induction c o i l  
t h a t  heats a 2-inch diameter tungsten susceptor. The 12-inch-long susceptor is 
made i n  3-inch sect ions so  t h a t  i f  one sect ion fails, the  e n t i r e  susceptor does 
not have t o  be replaced. A high-purity alumina tube i s  used t o  i n s u l a t e  the 
susceptor from the copper c o i l s  while a molybdenum r a d i a t i o n  sh ie ld  between the 
susceptor and the  alumina tube reduces the  heat t r a n s f e r  t o  the  alumina. The 
maximum furnace temperature i s  about 3800’ F. 
ends, and a f l a t  tungsten hearth extends through the furnace. 
as a furnace atmosphere and i s  allowed t o  burn a t  both ends of the fhrnace. 

The backup r o l l s  a re  
The p l a t e s  a re  heated t o  the r o l l i n g  temperature i n  an 

The furnace i s  open at both 
Hydrogen i s  used 

The furnace i s  placed d i r e c t l y  i n  f r o n t  of the  r o l l i n g  m i l l  (as shown i n  
f i g .  2 > ,  and the samples a r e  pushed through the  furnace i n t o  t h e  r o l l s .  
f e r  time from furnace t o  r o l l s  i s  l e s s  than 1 second. A water-cooled runout 
t a b l e  w i t h  a hydrogen atmosphere allows the  samples t o  cool i n  a protect ive 
atmosphere. 

Trans- 

4 
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Figure 2. - Induction furnace and ro i l ing rnili. 

DEVELOPMENT OF FABRICATION PROCEDURE FOR TUNGSTEN - 2O-VOLuME- 
PERCENT URANIUM DIOXIDE FUEL PLATES 

Previous work ( r e f s ,  4 and 5 )  demonstrated t h a t  it w a s  f ea s ib l e  t o  produce 
W-UO2 f u e l  p l a t e s  by powder-metallurgy techniques. The p a r t i c l e  s ize  of t he  
U02 (37  t o  53 p )  used i n  t h i s  present study w a s  much l a rge r  than the  p a r t i c l e  
s i z e  of the U02 (3-p, average s i ze )  used i n  the previous fabr ica t ion  s tudies;  
therefore ,  it was f e l t  t h a t  modifications t o  t h e  ex is t ing  fabr ica t ion  technique 
were necessary i n  order t o  optimize the fabr ica t ion  procedure f o r  the l a rge r  
U02 p a r t i c l e s .  
ing,  cold compacting, s in te r ing ,  and hot ro l l ing ,  w a s  used as  the s t a r t i n g  
point i n  t h i s  invest igat ion.  

The ex i s t ing  fabr ica t ion  technique, which consisted of blend- 

Blending and Pressing 

I n  the  f i r s t  s-tep, t he  blending operation, weighed amounts of tungsten 
and U02 powders of the  selected s i zes  were mixed together and blended i n  a 
twin-shell blender f o r  4 hours t o  give a homogeneous mixture. 
lorig blending t h e  was gecessary due t o  the poor blending cha rac t e r i s t i c s  of 
t h e  coarse U02 p a r t i c l e s  and the f i n e  tungsten p a r t i c l e s .  
then removed from the  blender,  and 2 percent (by weight) s t e a r i c  acid was added 
t o  the  mixture as both a d ie  lubr icant  and binder .  Acetone was used as a ve- 
h i c l e  f o r  t h e  s t e a r i c  acid.  After thorough hand mixing of t he  W-UO2 - s t e a r i c  
acid - acetone s lur ry ,  the  acetone w a s  evaporated from the  mixture. The dr ied  
mixture w a s  then broken up and passed through a 60 mesh screen. The s t e a r i c  
ac id  w a s  subsequently vaporized from the composites during s in te r ing ,  and no 

The r e l a t i v e l y  

The mixture w a s  

5 



carbon pickup from the stearic acid was noted in the sintered plates. 

A weighed amoun~t of the W-UO2 mixture was hand loaded into steel dies and 
cold compacted a-t 20 000 pounds per square inch into a flat-plate configuration 
having a density of about 8.8 grams per cubic cen-time-ter, which is approxi- 
mately 50 percent of theoretical for the tungsten - 20-volume-percent uranium 
dioxide (W - 20 U02) plates. 
stacked into a tungsten sintering boat. 
the compacts from sticking together during sintering. 

The compacts were dusted with zirconia and 
Zirconia powder was used to prevent 

Sintering 

It was felt that compacts with high sintered densities could be rolled 
more readily than compacts of lower densities; therefore, a study was initiated 
to establish the sintering characteristics of the compacts with respect to 
tungsten particle size, temperature, and time, 

Tungsten particle size. - In the study to determine the effect of tungsten 
particle size on the sintered density, unfueled tungsten plates were used and 
were fabricated in the same manner as W-UO2 composites. 
of U02 to the tungsten composite inhibited the sintering of the compact, as 
will be discussed later, it was assumed that all of the five tungsten powders 
used would be inhibited a similar amount. It was felt, therefore, that the 
tungsten particle size which gave the maximum sintered density for pure tung- 
sten plates would also give the maximum density for the composite plates. 

Although the addition 

Five commercial tungsten powders, which had average particle sizes of 
4.5, 3.5, 2.1, 1.15, and 0.88 microns, were used in this study. Two weight 
percent stearic acid was added to each lot of powder. The powder lots were 
cold pressed into plates and sintered in hydrogen at 32000 F for 20 hours. 
The very long-time sintering cycle minimized the effec-t of different sintering 
rates for the various tungsten powders since li-ttle additional sintering 
should occur after 20 hours at temperature. 

The results of this study are given in table IV and in figure 3 ,  Since 
the 0.88 micron tungsten powder sintered to the highest density (94.6 percent 
of theoretical) of the powders examined, this size was selected as the start- 
ing powder for the remainder of this investigation. Composite plates fabri- 
ca-ted from the 0.88 micron tungsten powder and containing 20 volume percent 
U02 sintered to about 92.5 percent of theoretical density. 

Sintering temperature. - It was shown in reference 4 that the sintered 
density of the W-UO2 composites could be increased by increasing the sintering 
temperature. A tube furnace was constructed that had a higher temperature 
capability than the 2900' F furnace used in reference 5. The sintering tem- 
perature selected for this investigation was 3200' F because this temperature 
resulted in composites with high sintered densities and permitted relatively 
long furnace life. 
for 30 hours at this temperature under the slightly flowing hydrogen atmos- 
phere. 

No observable U02 loss occurred in the W-UO2 compacts held 
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TmLE IV. - PRESSED AND SINTERED DENSITIES OF COMPACTS 

FABRICATED FROM VARIOUS SIZES OF TUNGSTEN POWDERS 

[S in te r ing  conditions, 20 hr a t  3200’ F i n  hydrogen.] 

Average p a r t i c l e  s i ze ,  
i-I 

0.88 
.88 

1.15 
1.15 
1.1.5 

2.10 
2.10 
2.10 
3.50 
3.50 

5.50 
4.50 
4.50 
4.50 

Pressed density, 
percent theoret icdl  

---- 
---- 
54.2 
55.2 
50.5 

60.6 
59.1 
60.6 
60.9 
59.1 

62.1 
60.6 
64.2 
63.4 

0 1 2 3 4 5 
Average tungsten particle size, p 

Figure 3. - Effect of in i t ia l  tungsten particle size on  both 
pressed and sintered densities. 

Sintered densi ty ,  
percent t heo re t i ca l  

94.2 
95 .o 
93.8 

93.6 

89.2 
89.8 

93.8 

88.7 
a3.5 
82.4 

82 .O 
71.6 
73.5 
73 .O 

Sinter ing time. - The e f f e c t  of s in-  
te r ing  time on t h e  densi ty  of unfueled 
compacts w a s  invest igated t o  e s t a b l i s h  
a s in te r ing  cycle,  The compacts were 
fabricated from 0.88 micron tungsten pow- 
der and were s in te red  at 3200° F for 1, 
4, 8, 15, and 30 hours. The r e s u l t s  of 
this study a r e  given i n  t a b l e  V and f i g -  
gure 4 (p.  8 ) .  
t h a t  the s intered densi ty  increased with 
increasing s i n t e r i n g  time up t o  about 
8 hours. Although very l i t t l e  addi t ional  
densif icat ion occurred a f t e r  8 hours, a 
sin’cering time of 15 hours was selected 
i n  t h i s  inves t iga t ion  f o r  operating con- 
venience. 

These r e s u l t s  indicate  

Sinter ing cycle. - After the  time 
and temperature parameters had been es- 
tablished f o r  s i n t e r i n g  the tungsten com- 

pacts,  a s i n t e r i n g  cycle w a s  developed f o r  the W-UOz composites. 

This cycle i s  summarized as follows: 

(1) The compacts were hea’ced from room temperature ’io 700° F i n  3 hours 
and held a t  t h i s  tempera’cure for  l / Z  hour to allow the s t e a r i c  acid t o  vaporize 
from the  compacts. 

( 2 )  The compacts were then hea’ced t o  2000° F i n  2; hours and held at t h i s  

7 



0 2 4 

T i m ,  Density, 
percent t,heoreticdL hr 

8 10 12 14 16 "  30 
Sintering time, hr 

d i r e c t l y  t o  room 'cemperaLure i n  about 3 hours. 

Figure 4 - Effect of sintering t ime on density of 0.88 micron tungsten (sintered at 3m0° F i n  
f l w i n g  hydrogen). 

temperature f o r  1 hour t o  permit -the hydrogen r e -  
duction of any surface oxide l aye r s  on the  tung- 
s t e n  p a r t i c l e s  p r i o r  t o  s in te r ing .  

TABLE V. - SINTERED DENSITY OF 

1 I 1 

9 2 . 2  
93.9 I 1 I 94.4 

C1 addi ng 
95 .O 

The powder-metallurgy cladding method, de- 
scr ibed i n  reference 5, depends on cladding t h e  
compacts during the  pressing operation. I n  t h i s  

method, the W-UOz powder mixtures were sandwiched between layers  of unfueled 
tungsten powder and subsequently pressed and s in te red .  This type of cladding 
w a s  successful i n  r e t a in ing  the  U02, but  t he  thickness  and uniformity of the  
cladding were d i f f i c u l t  t o  control .  Therefore, a technique of cladding the  
composikes by roll bonding wrought tungsten f o i l  t o  the  compacted and s in t e red  
W-UO2 core was developed. 

The surfaces of both the core and the clad must be clean f o r  s a t i s f ac to ry  
roll bonding. For t h i s  reason, the major sur faces  of t he  core were surface 
ground. 
surface defects,  the  removal of any UO2 depleted zones, and the  removal of sur- 
face contaminations. 
wrought tungsten f o i l  cladding were scrubbed with acetone and dr ied.  The f o i l  
was wrapped around the  core as shown i n  f igu re  5 and fastened t o  the  core a t  the 
t a i l  end of the  p l a t e  by spot brazing the  cladding t o  t h e  core with a s m a l l  
piece of t a n t a l u m  f o i l .  
l a s t ,  and thus contamination from the tantalum i s  minimized. The core-cladding 

Additional bene f i t s  gained by surface gr inding include the removal of 

The surfaces of the core and -the t h i n  (01003-in.-thick) 

The brazed end of t he  p l a t e  passes through the  rolls 
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assembly i s  then hot r o l l e d  as w i l l  
be  discussed i n  the  sec t ion  on 
Rolling. 

0. 003-in. tungsten foil Rolling 
direction 

The clad produced, as a r e s u l t  
of roll bonding, i s  of uniform 
thickness, f u l l y  dense, and metaL- 
l u r g i c a l l y  bonded t o  t h e  core. 
Figure 6 shows a t y p i c a l  micro- 
s t ruc ture  of the core-clad i n t e r -  

cs-31495 face. Although there  i s  porosi ty  i n  
the  metal matrix, which i s  about 
98-percent dense, there  i s  no por- 

The clad thickness i n  t h i s  study, a f t e r  ro l l ing ,  

LSintered tungsten - 
uranium dioxide core 

,- 0.001-in. tantalum foil 

Figure 5. - Core-clad assembly of a fuel plate prior to rolling. 

osi-ty i n  the f u l l y  dense clad. 
w a s  about 0.0015 inch; however, t h i s  thickness may be a l t e r e d  by changing the  
thickness of the s t a r t i n g  f o i l  and/or the  amount of reduction during r o l l i n g .  
Fuel-reten-tion t e s t s  have indicated t h a t  t h i s  cladding i s  very e f f e c t i v e  i n  pre- 
venting the l o s s  of UO2 from W-UO2 f u e l  p la tes  during isothermal elevated tem- 
pera-ture tes- ts  ( r e f .  7 ) .  

Rolling 

Preliminary ho-t-rolling s tudies  at 4000' F on t h e  W - 20 UOg composites 
fabr ica ted  i n  this invest igat ion indicated t h a t  these p l a t e s  possessed b e t t e r  
r o l l i n g  c h a r a c t e r i s t i c s  and exhibited much l e s s  edge cracking than composites 
containing the  3 micron U02 previously used. Thus, it w a s  f e l t  t h a t  it might 
be possible t o  roll t h i s  mater ia l  a-t lower temperatures. A lower r o l l i n g  

T Clad 

1 
T Core 

Figure 6. - Photomicrograph of core-clad interface after hot rolling. X500. 
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temperature would be benef ic ia l  s ince it would r e s u l t  i n  muchlonger r o l l i n g  
m i l l  furnace l i f e ,  and it  would permit the  use of a l l o y  s t e e l  rolls i n  d a c e  - 
of the  more expensive molybdenum a l loy  rolls t h a t  were employed when r o l l i n g  
a t  4000' F, 

Rolling temperature. - The r o l l i n g  temperature w a s  lowered from 4000' F 

This temperature w a s  de te r -  
i n  order t o  f i n d  the  minimum r o l l i n g  temperature t h a t  would produce high 
qua l i ty  p l a t e s  with a minimum of edge cracking. 
mined t o  be about 3550' F. A t  temperatures lower than this, the p l a t e  exhib- 
i t e d  excessive edge cracking. 
creased t o  about 200 surface f e e t  per minute with a r e s u l t i n g  decrease i n  t h e  
heat t r a n s f e r  from the  p l a t e s  t o  the  work rolls. A s  a r e s u l t  of this decrease 
i n  heat t ransfer ,  the rolls stayed cooler and the e f fec t ive  r o l l i n g  temperature 
of the p la te  was more nearly that of the  r o l l i n g  m i l l  furnace. 

During this study, the r o l l i n g  speed w a s  in -  

Ty-pe of rolls. - A s  the r o l l i n g  temperature w a s  lowered, the  hardness of 
the composites increased, but the hardness of the  r e l a t i v e l y  s o f t  molybdenum 
a l l o y  rolls remained constant. Below about 3800' F, the composites began t o  
mark t h e  rolls. A t  3550' F, only a few passes could be m a d e  before the  roll 
surfaces  began t o  de te r iora te ,  and the  surface f i n i s h  of the composites be- 
came unacceptable. Work rolls of several  other  compositions were t r i e d ,  and 
t h e  most sa t i s fac tory  r e s u l t s  were obtained w i t h  Hl2 t o o l  s t e e l  rolls hardened 
t o  53 t o  54 Rockwell-C. 

The hot composites had a tendency t o  s t i c k  or weld t o  the  clean a l l o y  s t e e l  
T h i s  problem w a s  solved by conditioning the roll surfaces  by r o l l i n g  rolls, 

unalloyed tungsten sheet at  about 3100° F. After  a t h i n  oxide l a y e r  had been 
b u i l t  up on the  rolls, t h e  W-UOz composites could be s a t i s f a c t o r i l y  r o l l e d  a t  
3550' F. 

Rolling schedule. - The r o l l i n g  schedule, which w a s  developed f o r  roll 
cladding the compacts and f o r  r o l l i n g  them t o  f i n a l  thickness, consisted of a 
5-percent reduction i n  a rea  on the  i n i t i a l  pass, followed by a 20-percent re-  
duction on the  second pass. 
passes u n t i l  a t o t a l  o v e r a l l  reduction of between 40 and 50 percent w a s  
achieved, 
ing  f o i l ,  w a s  cut of f  a f t e r  the second pass. 

A 10-percent reduction w a s  taken on all subsequent 

The end of the p la te ,  which w a s  contaminated with the  tantalum braz- 

EFFECT OF HOT WORK ON PROPERTIES OF TUNGSTEN - 2O-VOLuME- 
PERCEXC URANIUM DIOXIDE COMPOSITES 

The e f f e c t  of hot work w a s  studied t o  determine what e f f e c t  t h i s  var iab le  
would have on the  f i n a l  propert ies  of t h e  fuel p l a t e s .  
20 volume percent UO2 were pressed and s in te red  using the  procedure previously 
described. The thickness of the compacts w a s  var ied by loading d i f f e r e n t  
amounts of the  W-UO2 powder mixture i n t o  t h e  pressing dies.  The compacts were 
then hot r o l l e d  at 3550' F t o  the same f i n a l  thickness,  and t h e  r e s u l t a n t  
amount of hot work i n  the r o l l e d  p l a t e s ,  as measured by reduction i n  area,  
var ied from 0 t o  80 percent. 

Compacts containing 

The densi ty ,  high temperature s t rength,  and bend 
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TABLE V I .  - EFFECT OF HOT WORK ON DENSITY, MECHANICAL PROPERTIES, 

AND 4 t  BEND TRANSITION TEMPERATURE OF TUNGSTEN - 20-VOLUME- 
PERCENT URANIUM DIOXIDE COMPOSITES 

Yie ld  
s t r e n g t h  
it 4500° F, 

p s i  

Hot work, 
percent  

reduct ion 

Bend 
t r a n s i t i o n  

temperature,  
OF 

0 
0 
10 
10 
21 
21 

21 
31 
41 
41 
41 
51 

59 
59 
70 
00 
80 
80 

Density, 
percent  

t h e o r e t i c a l  

U l t i m a t e  
t e n s i l e  
s tr eng th 
it 4500' F 

p s i  

2470 
2750 
3640 
3500 
3560 
3020 

3630 
4160 
4000 
3860 
3810 ---- 
4370 
3690 

3070 
3660 
3790 

---- 

d u c t i l i t y  of the  p l a t e s  were measured, and the microstructures of the r o l l e d  
p l a t e s  were examined, 

Density and Microstructure 

The d e n s i t i e s  of the r o l l e d  p la tes ,  as measured by a water displacement 

These d a t a  indicate  that  the  densi ty  of the  r o l l e d  p l a t e s  
method, are l i s t e d  i n  t a b l e  V I  and plot ted as a function of the  amount of hot 
work i n  f igure  7. 
increases  as the amount of hot work increases. I n  order f o r  the  densi ty  of the 
worked compacts t o  exceed 98 percent of theore t ica l  density, the s in te red  com- 
pact  (92.5 percent of theoretical .  density) must be worked more than 40 percent,  

The changes i n  microstructure as a r e s u l t  of hot working a r e  shown i n  the 
photomicrographs of f igure 7, 
of the  as-sintered composite. 
the  f u l l y  dense UO2 p a r t i c l e s  blocking or i n h i b i t i n g  the s i n t e r i n g  of the  tung- 
s t e n  matrix. 
photomicrographs of worked s t ruc tures  i n  f igure  7 show no evidence of voids, 
even a f t e r  a reduction of only 20 percent i n  area. I n  the microstructure of 
the  20-percent-worked sample, however, there i s  s t i l l  evidence of f i n e  porosi ty  
i n  t h e  tungsten matrix, but as the amount of hot working increased, the amount 
of porosi ty  i n  the  matrix apparently decreased. I n  the 60-percent-worked sam- 
p l e ,  which i s  over 99-percent dense, there i s  no v i s i b l e  porosi ty  a t  a 

Small voids a re  present i n  the tungsten matrix 
These smal l  voids a r e  believed t o  r e s u l t  from 

Hot work i s  believed t o  promote the closing of these voids. The 

11 
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magnification of X100. 

I n  addition, as the  amount of working 
increased, t he  U02 p a r t i c l e s  i n  the  compos- 
i t e s  deformed and elongated. 
as-sintered mater ia l  is nearly spher ica l ,  
while the  U02 i n  the  80-percent-worked sam- 
p le  i s  highly s t r ingered,  ind ica t ing  t h a t  
the  UO2 i s  p l a s t i c  at the  r o l l i n g  tempera- 
t u r e  used. 

The U02 i n  the  

(a) Ultimate strenath at 4500' F in vacuum. 

Tensile Strength and Bend Duc t i l i t y  

(b) Yield strength at 4500O F in vacuum. 

700 

500 
0 20 43 60 80 

Reduction in area by hot rolling, percent 

(c) Bend transition temperature for 4t radius. 

Figure 8. - Effects of hot work on ultimate 
tensile strength, yield strength, and 4t 
bend transition temperature of tungsten - 
20-vol ume- percent uranium dioxide 
plates. 

The ul t imate  t e n s i l e  s t rength,  y i e l d  
s t rength,  and 4 t  bend t r a n s i t i o n  temperature 
a re  l i s t e d  i n  t a b l e  V I  and a re  p lo t t ed  as a 
funct ion of the  mount of hot work i n  f i g -  
ure  8. The longi tudina l  axes of all the  
t e s t  specimens were p a r a l l e l  t o  the  r o l l i n g  
d i rec t ion .  

The t e n s i l e  t e s t s  were conducted i n  a 
vacuum of %low5 t o r r  or b e t t e r  at 45000 F 
using the procedure described i n  reference 8, 
A s  expected, bo th  the  ul t imate  t e n s i l e  
s t r eng th  and the  y i e l d  s t rength  increased 
with working up t o  about 40-percent work. 
This increase i n  s t rength  i s  bel ieved t o  b e  
due t o  the increase i n  the  densi ty  of the  
matrix and the  subsequent e l iminat ion of 

poros i ty .  
rial worked more than 50 percent.  

Very l i t t l e  addi t iona l  change was observed i n  the  s t rength  of mate- 

The d u c t i l e - t o - b r i t t l e  bend t r a n s i t i o n  temperature w a s  measured ( i n  air) 

Somewhat surpr i s -  
as a funct ion of t he  amount of hot work, 
rad ius  vas four times the  thickness of the  t e s t  specimens. 
ingly,  a minimum t r a n s i t i o n  temperature (approximately 600° F) occurred a t  
about 50-percent work. 
increas ing  work i s  again bel ieved t o  be due t o  an increase i n  the  dens i ty  of 
t he  matrix.  The reason f o r  the  increase i n  t r a n s i t i o n  temperature f o r  the  
mater ia l  worked more than 50 percent i s  not f u l l y  understoodj however, one 
poss ib le  explanation i s  t h a t  there  is  a higher probabi l i ty  of interconnect ion 
of t he  elongated U02 p a r t i c l e s  with increasing work. 
terconnect ion r e s u l t s  i n  a more b r i t t l e  s t ruc ture ,  

I n  this s e r i e s  of t e s t s ,  the  bend 

The i n i t i a l  decrease i n  t r a n s i t i o n  temperature with 

It i s  f e l t  t h a t  this i n -  

Rol l ing Charac te r i s t ic  

Gross observations on the  r o l l i n g  cha rac t e r i s t i c s  of the  p l a t e s  indicated 
that very l i t t l e  edge cracking occurred up t o  about 50-percent hot workj how- 
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TABLE VII. - EFFECT OF SINTEEXD DENSITY OF TUNGSTEN - 20-VOLUME 

Sintered density, Rolled density, 
percent. Gheoretical percent theoretical 

64.5 95.3 
75.3 96.2 
80.9 95.3 
86 .O 97 .o 
92.5 98.4 

PERCENT URANIUM DIOXIDE COMPOSITES ON ROLLED DENSITY 

Rolling characteristics 

Very poor 
Poor 
Poor 
Fair 
Good 

ever, at  60-percent work, edge cracking became more severe. The p l a t e s  with 
70- and 80-percent work were very badly edge cracked, and most of these p l a t e s  
had t o  be scrapped. 

Conclusions 

Although the m a x i m u m  s t rength  and minimum bend t r a n s i t i o n  temperature were 
obtained on p l a t e s  t h a t  were r o l l e d  about 50 percent, r e s u l t s  of fuel loss  
t e s t s  at 4500' F on specimens r o l l e d  various amounts indicated that p l a t e s  r e -  
duced about 50 percent lost f u e l  at a f a s t e r  r a t e  than p l a t e s  worked a l e s s e r  
amount. The higher f u e l  loss  r a t e  from the more heavily worked specimens w a s  
probably dlso due t o  more interconnection of the U02 p a r t i c l e s .  A compromise 
between s t rength and f u e l  re ten t ion  w a s  therefore  necessary. The amount of re -  
duction selected for the  standard fabr ica t ion  technique w a s  such t h a t  the den- 
s i t y  of the r o l l e d  p l a t e s  exceeded 98 percent of t h e o r e t i c a l  density.  This 
amount of work corresponds t o  about 42-percent hot work f o r  the  f u e l  p l a t e s  
under d i  s cus s ion. 

EFFECT OF SINTERED DENSITY ON ROLLING (XARACTERISTICS 

A study w a s  made t o  determine i f  high s in te red  densi-t ies were required for 
good r o l l i n g  charac te r i s t ics  and, i f  high densi-t ies were required, t o  deter-  
mine the minimum densi ty  t h a t  would give good r e s u l t s .  Unclad compacts con- 
t a i n i n g  20 volume percent U02 were s in te red  a t  various temperatures such that 
the s intered dens i t ies  were 64.5, 75.3, 80.9, 86.0, and 92.5 percent of theo- 
r e t i c a l .  These compacts were then hot r o l l e d  a t  3550' F t o  a t o t a l  reduction 
of 50 percent. The r e s u l t s  of t h i s  study a r e  summarized i n  t a b l e  V I 1  and m e  
shown i n  figure 9. 
cent of theoret ical  w a s  required before the r o l l e d  densi ty  exceeded 98 percent 
of theore t ica l  a t  50-percent hot work. 

These d a t a  ind ica te  t h a t  a s in te red  densi ty  of about 91  per- 

The compacts t h a t  were under 86 percent of t h e o r e t i c a l  densi ty  d id  not 
r o l l  well ,  and numerous s m a l l  cracks appeared on the  major surfaces of the  
r o l l e d  plaies .  The e f f e c t  of s in te red  dens i ty  on the  surface appearance of 
the r o l l e d  p la tes  i s  shown i n  f igure  10. Horizontal cracks on the  surfaces of 
the p l a t e s  are shown i n  f igures  10 (a), ( b ) ,  and ( e ) .  AS the  s in te red  densi ty  

14 
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60 65 70 75 80 85 90 95 
Sintered density, percent of theoretical 

Figure 9. - Effect of sintered density o n  rolled density for !%-percent hot- 
worked tungsten - 20-volume-percent uranium dioxide. 

increased, both the nuniber and s i z e  of the  surface cracks decreased. The com- 
pact that had a s in te red  densi ty  of 64.5 percent of t h e o r e t i c a l  cracked apar t  
af-ter only two reductions (28-percent t o t a l  reduction i n  a r e a ) .  

The compacts t h a t  were 86.0- and 92.5-percent dense r o l l e d  i n  a similar 
manner except t h a t  t h e  denser compact exhibited s l i g h t l y  l e s s  edge and surface 
cracking. The denser compact also r o l l e d  t o  a higher f i n a l  density.  

These resul-ts indicate  
they r o l l e d  bet- ter  than the  
higher r o l l e d  densi ty  t o  be 
t h e o r e t i c a l  i s  required f o r  

t h a t  high-density compacts are more desirable  s ince 
low-density compacts and since they permitted a 
obtained. A minimum density of about 86 percent of 
s a t i s f a c t o r y  r o l l i n g  of composites of this type. 

LOADING ON FABRICATION O F  FLAT PLATES 

A study was made t o  determine i f  the fabr ica t ion  procedure developed f o r  
the  W-U02 f u e l  p l a t e s  containing 20 volume percent U02 could be employed t o  
f a b r i c a t e  f u e l  p l a t e s  containing 10 t o  40 volume percent U02. 
t a i n i n g  0 t o  40 volume percent U02 were processed using the fabr ica t ion  proce- 
dure described i n  this report .  
reduc-Lion by r o l l i n g  of 40 percent w a s  employed. 
a t e d  w i t h  respect  t o  s in te red  density,  r o l l i n g  charac te r i s t ics ,  and micro- 
s t ruc ture .  
A s  w a s  noted previously, the addition of U02 t o  the  -tungsten inh ib i ted  the  s in-  
t e r i n g  of t h e  compacts. Evidence of t h i s  impaired s i n t e r i n g  i s  shown i n  t h e  
plo-t of s in te red  densi ty  as a function of the f u e l  loading of W-U02 composites 
i n  f igure  11. For this p a r t i c u l a r  fabr icat ion technique, t h e  dens i t ies  (per- 
cent t h e o r e t i c a l )  of the compacts decreased as the amount of f u e l  i n  the com- 
pac ts  increased. 

Compacts con- 

The compacts were roll clad and a t o t a l  overa l l  
The compacts were then evalu- 

The r e s u l t s  a r e  summarized i n  tab le  V i i i  and f igures  11 and 1 2 .  

No problems were encountered i n  hot r o l l i n g  the  compacts containing up t o  
40 volume percent UOz. There w a s ,  however, a grea te r  tendency f o r  edge crack- 
ing  as t h e  f u e l  loading increased. The roll-bonding technique worked well  with - 15 



(a)  Sintered density, 64.5 percent. (hl Sintered density, 75.3 percent. 

(cl Sintered rlensity, 80.9 percent. (d) Sintered density, 86.0 percent 

(e) Sintered density, 92.5 percent. 

Figure 10. - Efrect of sintered density on surface f in ish  of hot-rolled tungsten - 20-voiume-percent u ran ium dioxide composites. X10. 
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TABLE V I I I .  - EFFECT OF FUEL LOADING ON SINTERED DENSITY 

Fuel loading, 
volume percent 

uranium dioxide 

AND ROLLING CHARAeTERISTICS OF TUNGSTEN - 
URANIUM DIOXIDE COMPOSITES 

S in te red  density,  
percent t heo re t i ca l  

a l l  f u e l  loadings and no prob- 
lems were encountered with 
bonding defects .  

0 
5 
10 
10 
15 
20 
20 
30 
40 

94.6 
94.0 
92.4 
95.3 
91.7 
93 .O 
92.0 
88.8 
83.3 

Rol l ing  
cha rac t e r i s t i c s  

G o o d  

Fa i r  
(edge cracking) 

0 5 10 15 M 25 30 35 40 
Uranium dioxide fuel loading, volume percent 

Figure 11, - Effect of uranium dioxide fuel loading on sintered 
density of tungsten - uranium dioxide compacts. 

Photomicrographs of longi- 
tud ina l  sections of four speci- 
mens containing d i f f e r e n t  f u e l  
loading are  shown i n  f igure  1 2 .  
These samples were a l l  hot 
worked a s i m i l a r  amount 
(40 percent) . The densi ty  of 
the core, as indicated by the 
microporosity i n  the  tungsten, 
tended t o  decrease as the f u e l  
loading increased. T h i s  i s  be- 
cause t h e  higher f u e l  loadings 
d id  not s i n t e r  as well ,  and 
thus, at  a given amount of hot 
work, composites with higher 
f u e l  loadings were l e s s  dense. 

The r e s u l t s  ind ica te  t h a t  
the  addition of UOg t o  the 
tungsten matrix impairs t h e  
s i n t e r i n g  of the  compacts. It 
i s  possible,  however, t o  fab- 
r i c a t e  f u e l  p l a t e s  containing 
up t o  40 volume percent U02 by 
the  method described i n  this 
report  . 
FORMING OF TUNGSTEN - URANIUM 

DIOXIDE FLAT' PLATES IXTO 

OTHER CONFIGURA!ITONS 

Since one of the  fuel-element designs under consideration at the Lewis Re- 
search Center employs thin-walled concentric cylinders of W-UO2, an attempt w a s  
made t o  fo-m f l a t  f'uel plat ,es containing 20 volume percent U02 i n t o  cylinders.  
This material had a bend t r a n s i t i o n  temperature of l e s s  than 700° F. Since the 
bend t r a n s i t i o n  temperature of a mater ia l  represents the  temperature at which 
the  mater ia l  w i l l  bend under optimum conditions ( i .e . ,  uniform heating and 
hot  dies) ,  t h e  a c t u a l  forming temperature was expected t o  be somewhat higher. 

A series of concentric r ings  was successfully formed by heating the  fuel 
p l a t e s  t o  about 1700' F and then shaping them around a mandrel. 
shows the r e s u l t s  of t h i s  forming operation. The smallest cylinder shown is 
about 1/2 inch i n  diameter, and the  l a r g e s t  cylinder is about 1 inch i n  dia- 

Figure 13 
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(a) 10 Volume percent uranium dioxide. (b) 20 Volume percent uranium dioxide. 

I I I 

1 I L CS-297821 
(c) u) Volume percent uranium dioxide. 

(Reduced 50 percent i n  printing.) 

(d) 40 Volume percent uranium dioxide. 

Figure 12. - Effect of fuel loading on microstructure of tungsten - uranium dioxide compacts. X100. 

C-66437 

C-66436 

Figure 13. - Cylinders hot formed from tungsten - 20-volume-percent uranium I dioxide plates. 

meter. The axes of these cyl in-  
ders  a r e  perpendicular t o  the  
r o l l i n g  d i r e c t i o n  i n  the  or ig ina l  
p la tes .  It was not possible  t o  
form a cylinder with the axis 
p a r a l l e l  t o  the r o l l i n g  d i rec t ion .  
When the  p l a t e s  were bent i n  this  
d i r e c t i o n  they fractured.  This i s  
probably due -to the  elongated f u e l  1 

p a r t i c l e s  and the probable resu l -  
t an t  ani  s o t  r opy . 

Cylinders were a l s o  formed 
from p l a t e s  containing 10 and 30 
volume percent UOz, but  p l a t e s  
containing 40 volume percent U02 
cracked during forming, The 
photomicrograph of the  f u e l  p l a t e  
containing 40 volume percent UO2 
( f i g ,  1 2 )  shows t h a t  there  i s  al- 
most a continuous path of b r i t t l e  
U02 through the tungsten ma-trix, 
which could lead  t o  b r i t t l e  f rac-  
t u r e s  during forming. 

An attempt w a s  also made t o  
form a corrugated shape from 
p l a t e s  containing 20 volume per- 



cent U02. The p l a t e  w a s  hot formed at  about 
1700° F i n t o  the  configuration shown i n  f i g -  
ure  14. Each of the  corrugations w a s  about 
1 /4  inch on a s ide  and a bend radius  of less 
than 1 /32  of an inch w a s  achieved a t  all 
bends. The results of t h i s  attempt show 
t h a t  i t  i s  possible  t o  form r e l a t i v e l y  com- c-71991 

Figure 14. - Corrugated shape hot formed from a tungsten - shapes from W-UO2 p l a t e s ,  

One l o t  of f u e l  p l a t e s  containing 20 

20-volume-percent uranium dioxide plate. 

volume percent U02 could not be bent without cracking (even at 2500O F)  . 
p a r t i c l e  s i z e  ana lys i s  of t h e  s t a r t i n g  U02 powders showed t h a t  about 2 percent 
of t he  U02 w a s  l e s s  than 20 microns i n  diameter. 
f ab r i ca t ed  from this same l o t  of U02 powder but with t h e  minus 20 micron frac- 
t i o n  removed could be formed without d i f f i c u l t y .  
t he  formabil i ty  of t he  fuel  p l a t e  is decreased by the  presence of f i ne  U% par- 
t i c l e s .  

A 

However, p l a t e s  t h a t  were 

These r e s u l t s  ind ica te  that 

SUMMARY OF RESULTS 

From this study of the  fabr ica t ion  of W-UO2 f u e l  p l a t e s  containing UO2 i n  
the  s i z e  range of 37 t o  53 microns, t he  following conclusions have been 
reached : 

1. It i s  possible  t o  f ab r i ca t e  dense clad W-UO2 p l a t e s  containing 10 t o  40 
volume percent U02 by the  procedure now summarized: 

a. Blend weighed amounts of tungsten and U02 powders i n  a V-blender 
f o r  4 hours. 

b .  Add 2 weight percent s t e a r i c  ac id  i n  acetone vehicle t o  blend. 
D r y  t h e  mixture and pass through a 60 mesh screen. 

e .  Press  at  20 000 pounds per square inch. 

d .  S in t e r  i n  flowing hydrogen for  15 hours at 3200° F. 

e .  Surface grind major surfaces of s in t e red  p l a t e s  and a t t ach  clad- 
ding. 

f .  Roll at 3550' F, using a r o l l i n g  schedule of 5 percent reduction 
on t h e  f i rs t  pass, 20 percent reduction on the  second pass, and 10 percent 
reduct ion on a l l  subsequent passes. An ove ra l l  reduction of 40 t o  50 per- 
cent i s  required.  

2 .  The major surfaces of t he  f u e l  p l a t e s  can be clad with a th in ,  dense, 
uniform l a y e r  of pure tungsten by hot r o l l  bonding. 
me ta l lu rg ica l ly  bonded t o  the  core. 

The r e su l t an t  cladding i s  

3. The U02 i n  the  composites flows p l a s t i c a l l y  as  the  compact i s  hot 
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worked at  temperatures near 3600O F. The s t rength  and bend d u c t i l i t y  of fuel 
p l a t e s  containing 20 volume percent U02 increase with working up t o  about 50- 
percent work, but  severe working increases  t h e  f u e l  l o s ses  from the  compacts at 
elevated temperatures. Therefore, a compromise i s  necessary. For t h i s  reason, 
an amount of hot work t h a t  provides a dens i ty  of 98 percent of t h e o r e t i c a l  i s  
selected fo r  this study. This corresponds t o  about 42 percent work fo r  the  

W - 20 UO2 f u e l  p l a t e s .  

4. For successful f ab r i ca t ion  by hot r o l l i n g ,  using the  method described, 
a s in te red  dens i ty  of a l e a s t  86 percent of t heo re t i ca l  i s  required.  

5 .  The W-UO2 f u e l  p l a t e s  can be hot formed at 1700' F i n t o  both simple 
cyl inders  and complex shapes. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, December 1 7 ,  1964. 
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